The Caenorhabditis elegans genome contains more than 60 cytochrome P450 (CYP) genes. The exon-intron organizations of all of the available and potentially active C. elegans CYP genes were inferred by a newly developed program for predicting protein-coding exons based on the alignment of a genomic DNA sequence and a protein profile. From the predicted amino acid sequences, all of the C. elegans CYP genes except one were classified into three groups, which were closely related to the mammalian drug-metabolizing P450 gene families CYP2, CYP3, and CYP4. The gene structures were strikingly divergent within each group; 20, 10, and 5 unique gene organizations were identified among 40, 18, and 5 genes in the CYP2-, CYP3-, and CYP4-related groups, respectively. The degrees of divergence in gene organization were strongly correlated with those in the amino acid sequences of encoding proteins, and the minimum rate of change in an intron insertion site was estimated to be about 90 times less frequent than amino acid substitutions. Parsimonious analyses suggested that frequent loss and gain of introns has occurred during the evolution of CYP genes in each group after the divergence of nematodes, arthropods, and deuterostomia. Few, if any, incidents of intron sliding were evident, and a model that did not allow intron insertions was highly inconsistent with the observations. All of these findings are explained better by the intron-late view than by the intron-early view.
Introduction
The origin of spliceosomal introns is still the subject of vigorous debate. The ''exon theory of genes,'' or ''intron-early view,'' advocated by Gilbert and others (Gilbert 1987; Gilbert and Glynias 1993) claims that genes were created by exon-shuffling mechanisms from primordial gene fragments encoding peptides of some structural units, and that subsequent deletion of introns and occasional intron sliding have led to the exon-intron organizations of present-day genes. Here, ''intron sliding'' refers to an apparent shift of an entire intron which is not accompanied by an insertion or deletion (indel) of a junctional sequence (Stoltzfus et al. 1997 ). The alternative view, known as the ''intron-late view,'' supposes that introns were newly inserted into the original bacterial-type genes with contiguous structures (Rogers 1990; Palmer and Logsdon 1991; Stoltzfus et al. 1994) . Several mechanisms for intron insertion have been discussed but have not yet been confirmed (Palmer and Logsdon 1991) . While the loss of introns may occur at an appreciable rate, intron sliding, if any, would be rare. One of the major points in support of the former view is the observation that exon boundaries often coincide with boundaries of modules, which are compact structural units of proteins (Go 1981; de Souza et al. 1996) . On the other hand, accumulating data on the organization of many orthologous and paralogous genes have raised questions regarding these observations, since homologous genes descended from a distant common an-cestor tend to have different intron insertion sites, and if no intron insertion or sliding has occurred, the ancestral gene must have consisted of many exons that were too short to encode any structural units (Dietmaier and Fabry 1994; Logsdon et al. 1995) .
In most earlier evolutionary studies of gene organization, homologous genes from distantly related organisms were compared, and the number of genes in a family was limited due to the scarcity of available data. This situation is changing rapidly with advances in genome projects. In particular, the genome project of the nematode Caenorhabditis elegans has produced a large amount of genomic sequence data which provide us with rich information about segmented structures of a variety of genes. Taking advantage of this wealth of information, we collected and compared all of the available cytochrome P450 genes of this nematode to obtain some insight into the origin and evolution of eukaryotic spliceosomal introns.
Cytochrome P450 (CYP) is a representative multigene superfamily in higher animals and plants (Nelson et al. 1996) . While most of these genes encode hydroxylases, some encode enzymes with other catalytic specificities which metabolize numerous endogenous and exogenous substances. Although these are dispensable for some prokaryotes and protists, this superfamily has a very old origin, certainly earlier than the emergence of eukaryotes (Nelson et al. 1993; Yoshida et al. 1997) .
The superfamily now consists of more than 70 families (Nelson et al. 1996) , in which the individual members of each family generally share more than 40% amino acid identity with one another. In the standardized nomenclature system, each family is identified by a distinct family number, a subfamily is identified by an alphabet, and each orthologous gene or protein is identified by another numbered suffix (e.g., CYP1A1). Almost all of the known eukaryotic P450 genes have segmented structures which are basically conserved within each family 1448 Gotoh but differ dramatically between families in most cases (Gotoh 1993a) . Apart from the N-terminal signal sequences, all P450 proteins are likely to have single domains with similar three-dimensional structures (Gotoh 1993b; Hasemann et al. 1995) .
In searching for CYP genes in the C. elegans genome, we found an unexpectedly large number (more than 60) of potentially active genes. Due to the singledomain nature of the proteins encoded, we expected that it would be relatively easy to infer their protein-coding regions by means of homology-based prediction methods (Gelfand, Mironov, and Pevzner 1996; Huang and Zhang 1996) . However, instead of using these existing programs, we developed a new one with potentially better fidelity, which was obtained by considering the coding potentials and splicing signals optimized for C. elegans genes as well as sequence matches allowing for long indels and frameshift errors (unpublished data). In addition, this program can use a protein profile (Gribskov, McLachlan, and Eisenberg 1987) , rather than just a single protein sequence, as a reference, which enables a more robust search. The quality of the predictions was assessed by multiple alignment of conceptually translated protein sequences, and by conservation patterns of intron insertion sites. From the predicted amino acid sequences, all of the C. elegans CYP genes except one were classified into three groups that were closely related to the mammalian microsomal P450 gene families CYP2, CYP3, and CYP4. The inferred gene structures were remarkably divergent within each of the three groups, which allowed us to investigate the processes of the evolutionary changes of the gene structures in unprecedented detail.
Materials and Methods

Data Collection
The initial search for C. elegans CYP genes was performed using the TBLASTN program (Altschul et al. 1990 ) against a nonredundant nucleotide sequence database (Human Genome Center of Japan), with representative protein sequences drawn from 11 mammalian CYP families (CYP1, 2, 3, 4, 7, 8, 11, 17, 19, 26, and 51) . Thirty-four C. elegans genomic clones encoding putative CYP genes were found in the combined searches with the query sequences. The BLAST service of the Sanger Center was also used to find potential genes that are not included in the common databases. The regions that could potentially encode CYP genes were cross-referenced with the list in the homepage of D. R. Nelson (URL: http://drnelson.utmem.edu/nelsonhomepage.html). Our search found 11 gene loci not described in Nelson's collection, while we failed to recognize three possibly intact CYP genes (CYP31A3, CYP33D2, and CYP35B1) indicated by Nelson. To precisely localize potential CYP gene sequences on a genomic clone, every six frames of the genomic sequence was conceptually translated, and undisrupted amino acid sequences longer than 33 residues were compared with the 11 representative mammalian CYP sequences by a modified version (Gotoh 1987) of the local similarity search algorithm of Smith and Waterman (1981) .
Prediction of Protein-Coding Regions
Nearly 30 C. elegans CYP genes were identified in the GenBank database with annotation of putative coding sequences (CDSs). However, preliminary assessment of the quality of the predicted CDSs indicated that there might be a considerable rate of misassignments (see Results). Moreover, no annotation was given for about half of the putative genes we found. Therefore, we decided to independently predict CDSs by our own newly developed method (unpublished data). Briefly, this method calculates the optimal alignment between the target genomic DNA sequence and a reference protein sequence or profile such that (1) the similarity between the reference and translated amino acid sequences, (2) the protein-coding potential of each coding frame, and (3) the strengths of the signals at the translation initiation site and 5Ј and 3Ј splicing boundaries should contribute to maximize the total score in the framework of the standard dynamic programming algorithm. A special form of the gap penalty function was used to allow for long indels corresponding to introns (Gotoh 1990 ) and possible frameshift errors, whereas end gaps were not penalized. The coding potentials and the signals for translation initiation and intron boundaries were obtained from data for known C. elegans genes as standard log-odds measures (Claverie, Sauvaget, and Bougueleret 1990) . The amino acid exchange matrix of Jones, Taylor, and Thornton (1992) was used to measure similarity between amino acid residues. The default set of the relative weights of the three terms and other parameters generally worked well, but manual adjustments were necessary in some cases. Usually, several references were examined to predict a gene structure. Since predicted C. elegans protein sequences tended to make a cluster in a phylogenetic tree, the profile constructed from a set of the most similar sequences was used as a reference in an iterative manner in the last phase of prediction.
Sequence Alignment and Identity of Introns
Multiple protein sequence alignments were obtained by the doubly nested randomized iterative (DNR) method (Gotoh 1996) . The degree of divergence between two sequences in an alignment was calculated as (numbers of replaced sites ϩ indels)/(numbers of conserved and replaced sites ϩ indels). This value was converted into a PAM (accepted point mutations per 100 sites) measure according to table 36 in Dayhoff (1978, p. 375) . The identities of intron locations were considered rigorously. No shift of an intron insertion site along a multiple-sequence alignment was allowed for identity.
Potential homology of intron sequences was examined by a jumble test (Needleman and Wunsch 1970) with 100 pairs of randomized sequences. Only intron pairs whose insertion sites were separated by not more than 30 codons and whose lengths differed by not more than 100 nucleotides were subjected to the tests.
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Phylogenetic Analyses A phylogenetic tree of a group of CYP proteins was obtained by the neighbor-joining (Saitou and Nei 1987) and maximum-likelihood methods (Kishino, Miyata, and Hasegawa 1990; Adachi and Hasegawa 1996) . Maximum parsimony analyses of evolutionary changes in intron insertion sites were performed using either the DOLLOP or MIX program in the PHYLIP 3.5c package (Felsenstein 1992) , depending on the model. Table 1 lists all of the C. elegans CYP genes found as of September 1997. Sequences apparently coding for pseudogenes or partial genes are not shown here. One or more edition was necessary for a few sequences (indicated in table 1) to code for full proteins without premature termination codons. Although it is uncertain whether all of these editions are valid or whether some genomic sequences encode pseudogenes, these genes were included for maximal information. Of the total of 380 introns thus predicted, two started with GC at their 5Ј ends, but all other boundaries followed the canonical GT. . .AG rule.
Results
Identification of C. elegans CYP Genes
Based on the similarity of conceptually translated amino acid sequences, all 64 genes except one were classified into three major groups. The exception (ZK177.5), appears to be a mitochondrial-type sequence, whereas all of the others are closely related to one of the mammalian microsomal drug-metabolizing CYP families CYP2, CYP3, and CYP4. According to the definition of a family of CYP genes (Nelson et al. 1993) , each of the three groups of C. elegans CYP genes can be further classified into several distinct families (URL: http://drnelson.utmem.edu/nelsonhomepage.html). Thus, we identified seven, three, and three families of CYP genes in the C. elegans genome that were closely related to the mammalian CYP2, CYP3, and CYP4 families, respectively.
Quality of the Predicted Protein-Coding Regions
Predicted CDS information was annotated in the GenBank/EMBL/DDBJ databases for about half of the 64 CYP genes we found. As shown in Table 2 , roughly 10% of the exon boundaries were inconsistent with our results. To resolve these discrepancies, we assessed the quality of predictions by multiple-sequence alignments of in-family members. Figure 1 shows an example in which the optimal alignment of four CYP25A protein sequences according to the GenBank entry (locus CEC36A4, accession number Z66495) was compared with that obtained from our predictions. The discrepantly predicted regions are enclosed in the alignment of the sequences deduced from the GenBank CDS information. The sum-of-pairs (SP) score (Carrillo and Lipman 1988) for the latter alignment (13415) is considerably better than that for the former (11814), suggesting that our method gives a better prediction. Similar results were obtained in most of the testable cases with the CYP13, 14, 29, and 33 families (table 3). In the alignments derived from GenBank CDSs, long indels are often located at sites at which firm secondary structures are predicted (Gotoh 1993b ). Thus, we are confident that our assignments of exons are better than those described in the public databases. Table 3 also indicates that the quality of the predictions according to Nelson (URL: http://drnelson.utmem.edu/nelsonhome page.html) is comparable to that found in the GenBank entries. The predicted protein sequences and their multiple-sequence alignments will be made available via anonymous FTP (ftp.genome.ad.jp/pub/genome/saitama-cc).
In the case of CYP25A3, we have additional evidence that our result is correct, since an expressed sequence tag (EST; accession number C35059) happens to cover nearly the entire region that is deleted in the CDS according to the GenBank annotation but is retained in our prediction. Compared with the EST sequence, the genomic sequence contains a single-base deletion in this region, which probably led to the misassignment of the GenBank annotation. Our method is relatively tolerant of such a frameshift error.
The EST clone CEMSH91 (accession number M80176) appears to be derived from an aberrant product of the CYP29A2 gene, since the clone has a large deletion corresponding to a central region (from the I-helix to the aromatic regions) common to all P450 proteins (Gotoh 1993b) . Otherwise, all of the available EST sequences were fully compatible with our assignment of exons (table 1) . Evolutionary Relationships Between P450 Proteins in C. elegans and Other Animals
As noted previously, all but one of the identified C. elegans CYP genes were classified into one of three groups similar to vertebrate CYP families 2, 3, and 4. Hence, we performed phylogenetic analyses of the three groups individually. Figure 2A -C shows the inferred phylogenetic trees of CYP proteins of known or predicted gene structures extracted from neighbor-joining trees of all of the available 124 CYP2-, 70 CYP3-, and 32 CYP4-related proteins, respectively. (Membership in a group implies that a protein's sequence is completely or nearly completely (Ͼ95%) determined and differs from other members in the group by at least 1% with regard to amino acids.) Maximum-likelihood trees of representative members showed essentially the same topologies as the neighbor-joining trees (data not shown). The most evident characteristic, observed in all three trees (available from the FTP site mentioned above), is that frequent gene duplications have occurred independently in the three major branches leading to contemporary vertebrates, insects, and nematodes. These trees also indicate that the divergence of C. elegans genes in each group began at nearly the same time as the divergence of the three major phyla of animals and has continued since then.
Conservation and Divergence of Intron Insertion Sites in CYP Genes
From the predicted organizations of C. elegans CYP genes and the known structures of some mamma- a Number of amino acids in the predicted protein sequence. b Accession number of a representative EST sequence presumably transcribed from the gene. The number of independent clones is indicated after the asterisk when more than one EST is found. The EST sequences in parentheses may be derived from unknown genes closely related to the indicated ones. M80176 may be derived from an aberrant product of CYP29A2.
c A gene spanning two contiguous clones is indicated by the name of the second clone in this column. Manual editions of a sequence are indicated by the number of affected nucleotides followed by a letter code: R-replacement; I-insertion; and N-deletion of ambiguous base.
d The CYP codes are tentative. e These genes belong to new distinct families of CYP genes. NOTE.-Abbreviations: ComExon, number of commonly predicted exons; DifExon, number of nonidentically predicted exons; TtlExon, sum of the numbers of exons predicted by the two methods; ComBd, number of commonly predicted exon/intron boundaries; DelBd, number of boundaries present in the GenBank CDS information but absent in our prediction; InsBd, the opposite of DelBd. Asterisks indicate differences in the predicted 5Ј and 3Ј ends of the genes. The fractions of identically predicted genes, exons, and boundaries are 13/29 ϭ 44.8%, 2 ϫ 179/427 ϭ 83.8%, and 2 ϫ 380/854 ϭ 90.0%, respectively.
lian and insect genes, we mapped the intron insertion sites on the multiple protein sequence alignments for each of the three groups ( fig. 3) . A vertical line indicates equivalent introns located at the same position in the alignment and with the same phase within the codon (location of the intron insertion site along the coding frame; phase 0: between codons, phase 1: between the first and second nucleotides in a codon, phase 2: between the second and third nucleotides in a codon). No intron insertion sites are conserved between mammalian and insect CYP genes of known structures. As many as eight introns of mammalian CYP3/5 genes have their counterparts in some of the C. elegans genes, while the two sites found in the insect genes do not have counterparts ( fig. 3B ). On the other hand, three of the four introns of fly CYP4D2 are common to some of the introns in C. elegans genes, but no mammalian intron has a counterpart in the C. elegans CYP4-related genes ( fig.  3C) . No intron appears to be common to both mammalian and C. elegans CYP2-related genes under our stringent criteria ( fig. 3A) . Hence, we can hardly draw a general conclusion regarding evolutionary changes in gene organization across the three animal phyla.
On the other hand, we can obtain a much clearer view when we look at paralogous C. elegans genes within each group. Figure 4 shows the correlation between divergence in translated amino acid sequences and the number of discordant intron locations for each intragroup pair of CYP genes. The high degree of correlation (r ϭ 0.81) strongly indicates that the organization in C. elegans CYP genes has changed gradually with evolution, roughly in parallel with changes in coding amino acid sequences.
Divergence Rate of Intron Sequences
To estimate the rate of evolutionary changes in C. elegans intron sequences, and also to search for introns that may have moved, we performed jumble tests (Needleman and Wunsch 1970) of significance in similarity for apparently homologous and discordant intron sequences. Z scores for discordant intron pairs were distributed normally, with a mean of 2.05 and a standard deviation of 1.16 ( fig. 5B ). Z scores for most of the homologous pairs were not significantly greater than those for discordant pairs, and the homology of intron sequences is hardly recognized when the amino acid sequences of the corresponding gene products differ from each other by more than 50 PAM levels ( fig. 5A ). Hence, we cannot expect to discern homologous introns through comparison of their sequences in problematic cases. 
Evolutionary Changes in the Organization of CYP Genes
Assuming that the evolution of CYP genes has proceeded as illustrated in figure 2, we used maximumparsimony methods to estimate the points at which an intron was gained or lost. We examined four models (Dollo, Wagner, and Camin-Sokal [two configurations]) implemented in the PHYLIP 3.5c package (Felsenstein 1992 ). The Dollo model assumes that introns were inserted once into individual sites at some time point and were deleted as many times as necessary to explain the observed pattern. Thus, the number of insertion events is fixed to that observed currently. The Wagner model assumes that insertion and deletion events occur with equal probability. The ''deletion alone'' Camin-Sokal model allows only deletions, under the assumption that all introns were present in the common ancestor, whereas the ''insertion alone'' Camin-Sokal model assumes that all of the introns have been newly inserted without the loss of any of them. In each model, the total number of events is minimized. Since the neighbor-joining trees are unrooted, we put the root on every branch, per- formed parsimony analyses, and obtained the minimum number of events in a series of tests. The estimated number of events was almost independent of the root position with both configurations of the Camin-Sokal model, whereas some variations were observed with the two other models. The roots shown in figs. 2A-C were chosen as most parsimonious with the Dollo model. The most parsimonious roots for the Wagner model were located at rather unrealistic points, particularly for the CYP2-related group, so we used the rooted trees shown in figure 2 for all of the models. As summarized in table 4, the numbers of events estimated with the Wagner model are consistently, but not dramatically, smaller than those estimated with the Dollo model or the insertion-alone Camin-Sokal model, whereas the average number of events estimated with the deletion-alone Camin-Sokal model is much (5 to 11 times) greater than those estimated with the other models. Figure 2 shows the points at which insertion or deletion events were likely to have occurred during the course of evolution of the three groups of CYP genes. Since the Dollo model appears to give the best fit to the present situation, only the results obtained with this model are shown. The most prominent feature common to all three trees is that insertions and deletions of introns have occurred at nearly the same frequency. Roughly speaking, the events were evenly distributed in the evolution of the CYP3-and CYP4-related groups. For CYP2-related groups, the distributions of insertion and deletion events are apparently skewed. This skewing may be due in part to the model we adopted. Since we defined equivalent introns rigorously, intron sliding would be recognized as a concomitant loss and gain of neighboring introns. In fact, there are few such observations, suggesting that intron sliding was a rare event. The last two points will be discussed more extensively below.
Discussion
Genome projects are advancing at a steady pace to reveal the complete genomic structures of several prokaryotes and the unicellular eukaryote Saccharomyces cerevisiae. The next important goal would be complete sequencing of the entire genome of the multicellular eukaryote C. elegans. Although most S. cerevisiae genes lack introns, typical C. elegans genes contain several introns. Hence, predicting gene (exon-intron) organization is an inevitable first step in inferring the structure and function of a gene or gene product from a genomic nucleotide sequence. Over the past few years, great advances have been made in methods for predicting gene structures (Uberbacher and Mural 1991; Snyder and Stormo 1995; Burge and Karlin 1997; Zhang 1997) . However, these ''gene-finding'' methods are not sufficiently accurate, particularly when we are interested in gene organization itself. Homology-based prediction of gene structures is more accurate when proper ''reference'' protein sequences are available (Gelfand, Mironov, and Pevzner 1996; Huang and Zhang 1996) . The results we obtained using this approach conflict with those in the GenBank database, which are based on the prominent gene-finding program Genefinder (Green and Hillier, personal communication), for about 10% of the exon/intron boundaries, about 20% of the exons, and more than half of the genes (table 1). We are confident that our assignments are correct in most cases of conflict, principally because the distributions of indels in the multiple-sequence alignments derived from our predictions are relatively sparse and consistent with the conserved secondary-structure models of P450 proteins (Gotoh 1993b) . When more cDNA and EST sequences become available, more direct assessment of our predictions will be possible. However, our present results raise the possibility that predicted CDS information in common databases may contain a substantial amount of errors.
Functions of C. elegans CYP Genes
The C. elegans genome consists of about 16,000 genes. Since we have found 64 CYP genes in about 63% of the whole genomic sequences currently available, the number of C. elegans CYP genes is estimated to be around 100, i.e., 0.6% of the total number of genes. This high fraction is in sharp contrast to that of S. cerevisiae, which has only three CYP genes (0.05%) among a total of about 6,000 genes. What are the functions of C. elegans CYP genes? The fact that all but one of the CYP genes that have been identified so far are closely related to three families of mammalian drug-metabolizing enzymes suggests that the C. elegans gene products also function in the catabolism or anabolism of xenobiotics. It is also possible that the CYP enzymes metabolize endogenous chemicals which mediate signal transduction or cell-to-cell communication in the multicellular organism. Most likely, CYP genes have evolved to catalyze many different chemical reactions to cope with a large variety of environmental and/or internal conditions. This supposition might be supported by our preliminary ob- servation that the central region encoding the putative substrate recognition sites, SRS2 and SRS3 (Gotoh 1993b) , has the highest relative rates of nonsynonymous versus synonymous nucleotide changes between intimately related genes in CYP2-and CYP3-related groups. Elucidation of the actual catalytic specificities and regulation of gene expression of individual C. elegans CYP genes requires further investigation.
Rate of Loss or Gain of Introns
It has been recognized that exon-intron organizations of CYP genes are conserved within each family, but are almost completely discordant among different families (Gotoh 1993a; Nelson et al. 1993) . Although some exceptional cases have recently been revealed ), the extremely divergent gene organizations of C. elegans CYP genes were surprising. Diversity in C. elegans CYP Gene Organization 1455 FIG. 2 (Continued) Our phylogenetic analyses ( fig. 2) indicate that this plethora of gene organizations arose recently in evolution after the divergence of the three major animal phyla: nematodes, arthropods, and deuterostomia. From the slope of the regression line shown in figure 4 , we estimate that the loss or gain of an intron occurs 1.1 ϫ 10 Ϫ2 times as often as an amino acid substitution (0.056 events/PAM/502 codons ϭ 1.1 ϫ 10 Ϫ2 events/100 ϫ PAM). Thus, if the encoding amino acid sequences differ at about 56% of their sites (corresponding to 100 ϫ PAMs [Dayhoff 1978, p. 375] ), there would be one difference in intron insertion sites per 90 codons of the genes. Provided that the three animal phyla diverged some 700 MYA (Doolittle et al. 1996) , the rate of gain or loss of introns is estimated to be 1.44 ϫ 10 Ϫ11 events/ year/codon. No significant difference was detected among the rates individually estimated for the three CYP groups (1.4 ϫ 10 Ϫ11 , 1.4 ϫ 10 Ϫ11 , and 1.6 ϫ 10 Ϫ11 events/year/codon for the CYP2-, CYP3-, and CYP4-related groups, respectively). Note that this value is the lower limit of the actual rate, since parallel insertions or deletions are not considered here (parallel insertions or deletions are those that occur repeatedly at the same position along different evolutionary lineages). Our results may pave the way for future studies to clarify how general the estimated values are, and what factors (e.g., rate of protein sequence evolution, lineage of the host organism, expression pattern in germ line cells) might affect the rate of change in gene organization.
Origin of Spliceosomal Introns How should our results for C. elegans CYP gene organization be interpreted in light of the current debates regarding the origin of spliceosomal introns? There are three main lines of evidence for the exon-early view. First, exon boundaries often coincide with the bound- aries of modules of encoded proteins (Go 1981; de Souza et al. 1996) . Second, ''identical'' introns are sometimes observed at the same positions in homologous genes of phylogenetically very distant origins (Kersanach et al. 1994 ). Third, a statistically significant excess of symmetric exons and exon sets is observed in extant genes, which suggests previous exon shuffling (Long, Rosenberg, and Gilbert 1995) in which a symmetric exon has the same intron phases at both boundaries.
Even though we could precisely infer the three-dimensional structures of eukaryotic P450 proteins by homology modeling, comparison of the three-dimensional structures and gene organizations would not be very meaningful, since CYP2-related genes alone have as many as 49 distinct intron insertion sites. This implies that the average exon size of the latest common ancestor should have been only about 10 codons, if no insertion or sliding of introns has occurred. If we take CYP3-and CYP4-related genes and other CYP genes of known exon-intron organization into consideration, the average exon size of their common ancestral gene would be only a few codons, which would be unlikely to encode any structural units. Thus, we can neglect the possibility that only deletion events account for the divergence of extant CYP gene structures. This conclusion is also supported by the estimated rates of intron insertion/deletion. If we adopt a deletion-alone model and assume a constant rate of intron deletion, this rate would be an order of magnitude higher than the minimum rate of change discussed above (table 4), i.e., only 10 times as slow as amino acid substitutions. Such an extremely high rate obviously conflicts with the initial, and roughly constant, rate of change in gene organization relative to that of amino acid sequence divergence (fig. 4) .
If intron sliding were as frequent as the insertion or deletion of introns, as indicated in figure 2, we would have observed similar numbers of pairs of intron sites closely shifted between genes within a family. In fact, we found only two pairs of closely separated (less than 10 codons) sites among intrafamily genes. The sixth intron insertion site of CYP33E1 and CYP33E2 is shifted by one nucleotide from a site common to CYP33B1, CYP33C3-8, and CYP33A1. Since other CYP33 genes (CYP33C1, CYP33C9, and CYP33D1) lack this site, and CYP33E deviates the most from other CYP33 subfamilies, intron sliding is not particularly favored relative to other possibilities, e.g., independent insertions into neighboring sites. A similar argument applies to the third/second site of CYP13A1/CYP13A11 and a site common to CYP13B1, CYP13B2, E03E2.1, CYP3A2, and CYP5A1 ( fig. 3B ), which are separated from each other by four nucleotides. The sequence similarities as measured by Z scores for the two pairs of potentially moved introns were 2.0 Ϯ 1.1 and 1.6 Ϯ 0.3, which are well below the level at which homology can be detected ( fig. 5) . Therefore, we conclude that intron sliding, if it occurs at all, must be much rarer than the loss or gain of introns. This conclusion is fully consistent with the results of recent extensive investigations (Rzhetsky et al. 1997; Stoltzfus et al. 1997) . Moreover, frequent intron sliding that alters the phase would easily destroy the phase symmetry of exons, whose excessive abundance is proposed to be evidence of earlier exon shuffling (Long, Rosenberg, and Gilbert 1995) .
The above considerations show that the classical intron-early view is highly incompatible with our observations regarding the structures of C. elegans CYP genes. It is natural to speculate that introns were frequently gained and lost in the evolution of nematode lineages. However, a few observations, particularly the skewed distribution of insertion and deletion events mapped in a phylogenetic tree of the CYP2-related group ( fig. 2A) , require further consideration. Of course, we cannot ignore the possibility that intron insertion and/or deletion activity has recently changed. Alternatively, the assumptions that were used to infer the event points might be too stringent. Dollo's parsimony allows for one and only one insertion of an intron at each site. Even if parallel insertions have occurred, they are interpreted as a single insertion at an ancestral time point. Better inference might be obtained by allowing for parallel insertions in the parsimony model. For example, the four parallel deletions (and an insertion) inferred by the Dollo model at the 32nd site of the CYP2-related group can be explained by two independent insertions. However, further investigations are undoubtedly needed for a quantitative estimation of the rate of parallel in- NOTE.-The four models are described in the Materials and Methods section; C-S (ϩ) and C-S (Ϫ) denote the insertion-alone and deletion-alone CaminSokal models, respectively. The numbers shown are the number of intron-deletions for the Dollo and the C-S (Ϫ) models, and the total number of events (insertions and deletions) minus the number of sites for the Wagner and C-S (ϩ) models. This subtraction was done to render the values obtained with the latter two models comparable with those obtained with the former two. Values in parentheses are the average numbers of events per site.
a The number of sites at which the Dollo parsimony method suggests more events than the Wagner method.
sertions relative to that of parallel deletions. Another point that is not well understood is the uneven distributions of intron phases. C. elegans CYP3-and CYP4-related genes have few phase 1 and phase 2 introns, respectively ( fig. 3B and C) . The regional distribution of intron phases of the CYP2-related group also appears to be nonrandom ( fig. 3A) . This apparent nonrandomness in intron phases might be related to the mechanisms of the insertion/deletion of introns and also, indirectly, to the mechanisms of splicing. Extensive statistical tests (Fedorov et al. 1992; Long et al. 1998 ) must be performed prior to any further investigations on this subject.
In conclusion, our results suggest that the rate of change in exon-intron organization may be much faster than has been suggested to date. Discussions based on exon-intron structures of orthologous genes of remote origins (e.g., those that predate the emergence of eukaryotes) should take into account the possibility that the extant gene structures are the result of many insertion/deletion events since the divergence of their common ancestors. Although this rapid change in gene organizations is more compatible with the intron-late view than with the intron-early view, there are a few observations that require further investigation for a complete understanding of the process of evolutionary changes in eukaryotic gene organization.
